The mobility and bioavailability of nickel (Ni) is strongly dependent on the mechanisms associated with Ni sorption and desorption kinetics in soils. In this contribution, the effects of drinking water treatment residuals (DWTR) applications, as a low-cost adsorbent, on characteristics of Ni sorption /desorption kinetics in three arid soils having different properties were studied by batch experiments. Batch sorption kinetic experiments revealed that Ni sorption behavior involves fast and slow sorption reactions. The fast reaction accounted for> 70% of the total sorption within15 min (the first sampling time). Desorption experiments revealed that Ni desorption was hysteretic in nature, which indicated a irreversible process. The time-sorption and desorption data generated for the DWTR treated and untreated soils fitted well to Elovich , power function and parabolic models as evidenced by high coefficient of determination (R 2 ) and low standard error(SE). The rates of adsorptiondesorption in the soils studied were greatly influenced by the rate of DWTR added. Specifically, the rate of Ni sorption increased and the rate of released Ni decreased as the amount of DWTR added to the soils increased. The overall findings suggest that Ni retention capacity of soils can be increased via DWTR amendments to provide additional Al-based sorbents. Such information is critical for protecting natural resources, developing improved remediation strategies, and making better risk assessments.
INTRODUCTION
Nickel is a biotoxic heavy metal regarded as an important environmental pollutant in agricultural soils because of the potential adverse effects it may pose to food quality, soil health and the environment. Nickel may enter soil and aquatic environments via sewage sludge application, mine waste, industrial waste disposal, atmospheric deposition, and application of fertilizers and pesticides (Forstner, 1995) . Understanding the kinetics and mechanisms of nickel sorption/desorption reactions is necessary to aid in the development of remediation strategies and the formulation of models designed to accurately predict potential bioavailability and mobility of contaminant metals (Liaghat, and Prasher, 2003; Samadi, 2006; Reyhanitabar etal., 2010) .
Drinking Water Treatment Residuals (DWTR) is a by-product of water treatment facilities that use aluminium salts as coagulant. DWTR is derived from residual of treatment of raw water which contains mainly turbidity, colour, suspended clays and humic substances. It is the most widely generated waste worldwide, and is mostly landfilled at huge costs since it is regarded as a by -product of little known reuse value. DWTRs tend to have a mineral form similar to amorphous Al (OH) 3 and act much like noncrystalline Al soil mineral species (Tisdale et al., 1985) . Because of their amorphous nature, DWTRs have a large surface area (up to 105 m 2 g -1 ) and, microporous structures, and an abundance of binding sites, (Makris et al., 2004) . In recent years, more attention has focused on beneficial reuse of DWTR in land application (Elkhatib and Mahdy, 2008) . Although the use of DWTR as soil amendment may seem viable, such an option cannot be considered without a detailed investigation on beneficial and detrimental effect on soil environmental quality. A literature search revealed little on the Ni sorptiondesotption and transport in DWTR-soil system. Such information is needed to quantify Ni mobility in the soil environment and would aid in evaluating the suitability of DWTR as a soil amendment for adsorbing Ni contaminant.
Therefore, in this study, our focus was investigating the sorption -desorption of Ni in soils having different properties and subsequent influence of DWTR application on Ni mobility in soils. Specifically, we carried out several batch experiments designed to quantify Ni interaction and mobility in soil as affected by application rates of DWTR. Accordingly, the objectives of this study were to (i) assess the capability of different kinetic models in describing the retention as well as the desorption behavior of Ni in different soil-DWTR systems and (ii) quantify the effects of DWTR amendments on the kinetics of Ni sorption and release in three arid soils having different physiochemical properties.
MATERIALS AND METHODS Soils and Drinking Water Treatment Residuals (DWTR)
Three different Egyptian soils were selected representing three different soil types of Egypt as Typic torrifluvent (Clay) from Kafr El-Dawar, Elbohera, Typic torripsamment (Sandy) from El-Bostan, Elbohera, and Typic calciorthids (Calcareous) from Borg Al-Arab, Alexandria. The experimental soils were collected from the top 15-cm depth at several locations in the field and sub-samples of each soil type were airdried, ground and sieved (<2 mm). The DWTRs were obtained from the drinking water treatment plant in Kafr El-Dawar, El-bohera, Egypt. The DWTRs were air-dried and sieved (<2 mm) prior to their use (Makris and Harris, 2005) .
Chemical and Physical Analyses
The general physical and chemical properties of soils and DWTRs were determined (Table 1) , including soil pH and electrical conductivity (EC) in the saturated paste extract (Richards, 1954) , the pH and EC of DWTR s in 1: 2.5 suspension (Richards, 1954) , calcium carbonate content by calcimeter (Nelson, 1982) , particle size distribution by the hydrometer method (Day, 1965) . The soil organic matter content (OM) was determined by the dichromate oxidation method (Nelson and Sommers, 1982) . Soil cation exchange capacity (CEC) was determined by 1 M NaOAC (Rhoades, 1982) . Water holding capacity (WHC) was determined according to Skene et al. (1995) . Concentrations of metals were determined according to the method described by Ure (1995) . Ni was extracted with DTPA (Lindsay and Norvell, 1978) and determined by atomic absorption spectroscopy (AAS).
Application Rates of DWTRs
Application of DWTRs (at two rates: 10, and 50 g kg -1 soil w/w DW) was conducted to each soil type. These laboratory treatment levels are equivalent to the field application rates of 22, and 110 Mg ha -1 for DWTRs, in a 15-cm soil depth (with a bulk soil density of 1.50 g cm -3 ). The control has no additions of DWTRs. The treated soils were well mixed with DWTRs and transferred to a large plastic bin. Deionized water was added in the soil to bring the soil to its field capacity. Then, the treated and control soils were then transferred to polypropylene jars. The moisture content of the treated and control soils was kept constant during incubation by calculating the field capacity and periodically weighing the jars and adding de-ionized water to compensate for water loss via evaporation. Jars were covered with perforated plastic covers and incubated at 25 ºC for 60 days. After the incubation period, the soils were air-dried, crushed to pass a 2-mm sieve, and sub-samples were collected and used for the sorption-desorption experiments.
Nickel Sorption Kinetics
Kinetic retention using the batch method described by Amacher et al. (1988) was used to quantify Ni sorption by untreated and DWTR-treated soils (at rates of 0,10 and 50 gkg −1 soil w/w DW) at 298±0.5 K. The mixtures were continuously shaken on a temperature-controlled shaker at120 rpm and then centrifuged at 5,000×g for 10 min prior to sampling. Periodic 5-mL aliquots were removed at reaction times ranging from 15 to 1440 min. (at equilibrium) and analyzed using AAS. Amount of Ni sorbed by the soil matrix was determined by the difference between the concentrations of the supernatant and that of the initial solutions.The sorption data were applied to three kinetic models: Elovich, power function and parabolic diffusion models.
Desorption Kinetics
Desorption or release experiments were conducted to assess the release of nickel as well as the extent of hysteresis behavior by the untreated and DWTRs treated soils. Sequential dilutions were initiated immediately after the last adsorption step for 40, 80 and 160 mg Ni L -1 initial concentrations of DWTR-soil mixture for the treatments of 0, 10 and 50 g of DWTR kg -1 of soil. Each desorption step was carried out after equilibrium in adsorption was reached, by removing half of the supernatant after centrifugation, which was replaced by 15 mL of 0.005 M Ca(NO 3 ) 2 background solution and shaking for 48 h. Six desorption steps were carried out. The fraction of nickel desorbed from each soil was calculated based on the change in concentration in solution (before and after desorption).
Statistical Analysis
The linear forms of different kinetic equations were applied to the adsorption and release data and their goodness of fit was evaluated based on the R 2 , level of significance (p), and standard error (SE). A relatively high R 2 value close or equal to 1 and low SE value indicate that the model successfully describes the kinetics of Ni +2 adsorption/desorption reactions.
Theoretical Background Elovich Equation
The Elvoich equation has been used to describe the kinetics of heterogeneous sorption and release reactions in soils (Chien and Clayton, 1980; Elkhatib and Hern, 1988) . The Elovich equation is:
Where: q t = the amount of Ni +2 adsorbed in time t; α = the initial adsorption rate (mg g −1 min −1 ); and β = a constant related to the extent of surface coverage (mg g −1 ) and activation energy for chemisorptions Thus a plot of q versus ln t should give a linear relationship with the slope of (1/ β) and intercept of (1/β)ln(α β). Parabolic Diffusion Equation (Laidler, 1965) This equation may be written: q = a + k d t
1/2
Where: q = the amount of Ni sorbed (desorbed) in time t a = a constant.
Thus, a plot of "q" t 1/2 should provide a linear relationship if the reaction conforms to parabolic diffusion law.
Power Function Equation
The power function equation (Elkhatib et al., 1992 ) used in the form:
, and 1/m = constant. The parameter k a C ο and 1/m were calculated from the intercept and slope, respectively of the linear plots.
RESULTS AND DISCUSSIONS Sorption vs Time
The Kinetics of Nickel adsorption on the three studied soils at 3 initial concentrations is illustrated in Figure (1) . Within the first 15 min, a very fast reaction occurred, accounting for > 70% of the total sorbed Ni. This initial rapid reaction followed by a much slower rate that continued with all treatments for the durations of study period. The two sorption stages pattern has been reported as a characteristic of heavy metals sorption on clay and oxide surfaces (Eick et al., 2001; Voegelin et al. 2001; Jeon et al., 2003) . Results from these studies suggest that the fast adsorption reaction is primarily due to the formation of bonds with functional groups that are readily present on the soil components (Jeon et al., 2003; Antoniadis and Tsadilas, 2007; Elkhatib et al,. 2007 ). Since soil is a mixture of organic and inorganic components, and it contains several different types of sorption sites, it is likely that several mechanisms are responsible for the slow sorption reactions. These may include diffusion, precipitation, and/or sorption reactions on sites that have a higher activation energy than the fast sorption sites (Voegelin et al., 2001; Loehr et al., 1996; Scheidegger et al., 1998) . When initial Ni +2 concentration was changed (40, 80,160 mg/l) the extent of adsorption (%) decreased with an increase in Ni concentration. However, the amount adsorbed per unit mass showed an increase with rise in initial Ni +2 concentrations (Figure 1) . Sarvanane et al. 2002 and Gupta et al (2003) reported similar results with heavy metals sorption by montmorillonite and fly ash.
Modeling Kinetics of Ni Adsorption
Several mechanisms are suggested to contribute to the kinetics of heavy metal sorption on soils including (1) slow diffusion through intra-particle micropores (Strawn and Sparks, 1999) ; (2) heterogeneity of sorption sites ; sites having different affinities; (3) slow sorption due to the increase in surface charge upon the inner-sphere complexation of such ions (Jeon et al., 2003) ; (4) at neutral or basic condition, slow formation of new solid phases such as hydroxides or layered double hydroxides may cause kinetic effects and immobilization of nickel (Voegelin et al., 2001; Scheidegger et al., 1998; Businelli et al., 2004) . Among the various sorption mechanisms mentioned above, the formation of surface-induced precipitates perhaps plays a significant role in the Ni sorption in neutral non-acidic soils. As the pH increases, Ni sorption was related to hydrolysis of divalent ions capable of forming innersphere complexes with clay lattice edges (Antoniadis and Tsadilas, 2007) .Since most sorption processes is likely to take place by a multistep mechanism, several kinetic models were tested including the power function, Elovich, and the parabolic diffusion models.
Elovich Equation:
The sorption data was fitted to Elovich equation which is of general application to chemisorption kinetics (Elkhatib etal, .1992 (Elkhatib etal, . , 2001 Loukidou et al., 2004) . The Elovich plots of Ni +2 sorbed vs. ln of reaction time (q vs. lnt } for sandy , calcareous and clay soils as affected by different application rates of DWTR are shown in Figure 2 . The coefficients of determination (R 2 ) from these plots values were significant at 0.01 levels (Tables 2&4). Therefore, the Elovich model appeared to be successful in describing the kinetics of Ni +2 sorbed by the studied soils as well as DWTR amended soils.
Elovich parameters for the three soils as affected by DWTR applications at different initial Ni concentrations are given in Table ( ) for DWTR unamended clay, sandy and calcareous soils respectively. In contrary, the Elovich equation â values for the unamended and DWTR amended soils increased with the increase in initial Ni +2 concentrations.With the increase in DWTR application rates, the adsorption rate (á) and the constant â increased showing that both the rate of chemisorption and the available adsorption surface for chemisorptions would increase. For example, in the case of clay soil, application of DWTR in a rate of 50 g kg -1 soil at 40 ugml -1 initial concentration resulted in more than fourfold increases in the rate constants (Table 2 ). Such observations support the hypothesis that the addition of DWTR to soil alters the chemical properties of the soil system. We believe that the addition of DWTR adds extra adsorptive phases to soil systems and therefore alters its adsorptive characteristics. The Parabolic Diffusion Model was also used to describe the kinetic data of Ni +2 sorption. Parabolic Diffusion plots for Ni +2 sorption by the 3 studied soils as affected by different DWTR application rates at 40 mgkg -1 Ni +2 initial concentration are shown in Figure  2 .Linear relationships exist between Ni +2 sorbed and t 1/2 for the three soils studied. Apparent diffusion rate coefficient (k id ) is considered a measure of the relative rate of Ni +2 , the R 2 values (0.9 to 1.0) led to the conclusion that the intraparticle diffusion process may play an important role as a rate determining step in the sorption reaction. Vadivelan and Kumar (2005) , and Weng and Pan (2006) suggest that the adsorption process proceeds by surface adsorption followed by intraparticle diffusion. The apparent diffusion rate coefficients of the three soils as affected by DWTR application rates are shown in Table ( 2). Higher values of k id for DWTR-.soil systems illustrate an enhancement in the rate of adsorption, whereas larger "k id " values illustrate an improved bonding between Ni +2 ions and the adsorbent particles. The "k id " values followed the trend clay> calcareous >sandy soils. The higher values in the clay soil are attributed to its higher organic matter, clay content and cation exchange capacity compared to sandy and calcareous soils.
The effect of Ni +2 initial concentration on the diffusion rate coefficients were examined. When the initial concentrations of Ni +2 were increased, the observed sorption rates were faster for the higher concentration solutions (Table 2 ). The higher the initial Ni +2 concentration, the faster the adsorption rate. This observation is consistent with the assumed sorption mechanism whereby surface adsorption is predominant during the sorption process.
Modeling Kinetics of Ni Desorption
The linear forms of Elovich parabolic and power function kinetic models were tested and evaluated for their suitability to describe the Ni released from DWTR treated and untreated soils. values were significant at 0.01 levels (Table  3&4) .Therefore, the Elovich model appeared to be successful in describing the kinetics of Ni desorption from the studied soils as affected by two DWTR rates. Parameters for the three soils and DWTR rates are shown in Table ( 3). The "α" values for clay, calcareous and sandy soils were high at different DWTR rates. In Elovich equations, "α" values are considered to be inversely proportional to ambient rate of desorption ( (Laidler, 1965) . Parabolic Diffusion Model: The Parabolic Diffusion model was also used to describe the kinetic data of Ni release. Parabolic Diffusion plots for Ni released from the soils as affected by two DWTR rates are shown in Figure ( 3).Values of R 2 relating Ni released to square root of reaction times were significant at 0.01 levels in most cases and they are given in Table 3 .Therefore, the parabolic diffusion law was also successful in describing the kinetics of Ni released from the three studied soils as affected by the two DWTR application rates.
Parabolic Diffusion law parameters of the three soils as affected by DWTR rates are shown in Table ( 3). The apparent Ni diffusion rate coefficient "k d " in the parabolic diffusion law is considered a measure of the relative rate of Ni release. The "k d " values were higher in the sandy soil than the values in the calcareous and clay soil. The "k d " values followed the trend sandy > calcareous > clay at all studied DWTR rates. The lower values in the clay soil are attributed to its higher organic matter, clay content and cation exchange capacity. The "k d " values were lower in the presence of DWTR in the studied soils than the corresponding values in the absence of DWTR. Power Function Model: The power function model was used to describe the Ni desorption data. The power function model plots of log Ni released vs. log of reaction time for the clay, sandy and calcareous soils at 298 K as affected by the two DWTR are shown in Figure ( 3).The power function model was successful in describing the kinetics of Ni release from the studied soils as evidenced by the significance of R2 values (Tables 3& 4) .
The modified Freundlich equation parameters are presented in Table 3 .In general, the desorption rate coefficient "k d " values of the DWTR amended soils were the lowest in comparison with control treatment.
Such observation indicates that Ni desorption rate decreased as a result of DWTR additions. At 160 ugg -1 Ni initial concentration, the "k d " values of the sandy soil was 30.74 ,14.69 and 4.47 min -1 at DWTR application rate of 0, 10 and 50 g kg -1 , respectively. The same observation was found in both clay and calcareous soils. However, the rate of Ni released in sandy soil was high as compared with calcareous and clay soils due to its low organic matter and clay contents (Table1).
Comparison of Kinetic Equations to Describe Ni Sorption and Release in DWTR Amended Soils
The integrated Elovich and power function and parabolic models described the sorption and desorption data of Ni in soils and DWTR-soil systems equally well as the R 2 values were quite high and SE values were low (Table 4) . At the very best, these results may indicate that intraparticle diffusion play an important role in Ni sorption in DWTR-treated and untreated soils. Eick et al. (2001) reported the suitability of parabolic diffusion law for explaining the Ni-sorption. Moreover, in such a complex sorption process, it is often possible that several equations differing in structure may give generally good descriptions of the data. This is because all the equations may account for some factors involved in the sorption process or some changes taking place during it, e.g. (1) energy of sorption sites are not uniform. (2) An increase in the numbers of vacant sites as sorption progress (3) Changes in solution conditions such as ionic strength that are known to influence the process. This would explain the observation that a set of data can often be described with comparable success by more than one equation.
The observations that substantial proportion of Ni sorbed by DWTR mended soils cannot be readily desorbed indicate that not only Ni sorption but also Ni desorption characteristics of DWTR-Soil systems are different from the control soils. The fast adsorption reactions and the slow desorption reactions observed in DWTR' soil systems (Tables 2 &3) provide clear evidences for strong retention and immobilization of Ni in DWTR-soil system and imply that the Ni is irreversibly bound to DWTR-soil system. Sorption followed by diffusion of adsorbed ions within the solid oxide material has been proposed as a possible reason for decreased metal desorption with time ( Barrow et al., 1989) . Therefore, it is reasonable to assume that Ni associated with oxides in DWTR-amended soils may be more difficult to desorb compared with the added sorbed Ni in the control soils. 
CONCLUSION
This research examined the influence DWTR on the sorption and desorption kinetics of Ni +2 on 3 different soils of arid region. Both the sorption and desorption kinetics were best described by integrated Elovich and power function and parabolic models. Nickel batch adsorption experiments revealed that Ni adsorption was higher onto the DWTR amended soils than the unamended soils as DWTR acted as an adsorbent in the DWTR-soil systems by increasing Ni retention capacity. The fast adsorption reactions and the slow desorption reactions observed in DWTR' soil systems provide clear evidences for strong retention and immobilization of Ni in DWTR-soil system and imply that the Ni is irreversibly bound to DWTR-soil system Such information is critical for protecting natural resources, developing improved remediation strategies, and making better risk assessments.
